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. ERRATA

Page 5, line k: This 1ine should be changed to reed as follows:

. "where mg = carrected for end loss and Vi =V, cot T, This"

cos2T

: f the
. Page 11, under section entitled "Results": Change the last 1lins o
first’paragra.ph to read "a function of trim in figure 5."

Page " and 9:
12, second paragreph under "Chines Tmmersed,” lines 5
Refer;nce gshould be to figure 6 instead of figure 5.

Page 14, next to last line: Figure 4 should be figure 3.

Page 35, figure 8: Sin T should be omitted from the formmla for Cg.

|

30°

o= e wvor—TUauw-IN UOTINSU &5 UIS rdate at whlch momentum is imparted
to the downwash or the product of the momentum in a transverse plane at
‘the step and the velocity of the fluid along the keel relative to the

.
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ANALYSIS OF PLANING DATA FOR USE IN PREDICTING
HYDRODYNAMTIC IMPACT LOADS

By Margaret F. Steiner
SUMMARY .

An analysis is made of planing data covering a wide range of dead—
rise angles, trims, speeds, and beam loadings. General hydrodynamic—
Impact—load equations are applied to the planing float and corrections
are made to the theoretical nondimensional coefficients which are used in
defining the effect of the apparent additional mass associated with the
immersed body in order to obtain agreement with experimental planing
data. The analysis is divided into three phases in which the inertia
force is determined by evaluating data from tests in which the chines
are above level water and the buoyant force 1s negligible, data from tests
in which the chines are above level water and the buoyant force is signifi-—
cant, and data from tests in which the chines are immersed with buoyant
and steady—Tlow forces included.

The results of the analysis include equations for the inertia force
which contain correction factors to compensate for the effect of gravity
upon the growth of the apparent additional masss at low Froude nuabers.
Summary equations for the total water reaction are obtained from the
three phases of the analysis and are found to give excellent agreement

with experimental planing date for dead-rise angles between 10° and 40°,
The planing coefficients and gravity correctlion factors which are included

- in the resultant equations may be substituted directly in the general

hydrodynamic—impact—load equations for angles of dead rise between 10° and 30°

1f the buoyant and steady—flow forces, considered in the analysis of planing
data, are also used and if the effect of gravity at different Froude
nunbers, indicated by the analysis of planing data, 1s assumed to be
unaffected by the accelerations which occur during impact.

INTRODUCTION

The magnitude of hydrodynamic loads experienced by seaplanes during
e landing lmpact has been Investigated experimentally and theoretically
by the Netlonal Advisory Committee for Aeronautics. The results as
reported in references 1 and 2 provide a rational means of determining
loads on conventional V-bottom hulls in a step landing. Ons component
of the water load is defined as the rate at which momentum is imparted
to the downwash or the product of the momentum in a transverse plane at
the step and the wvelocity of the fluid along the keel relative to the
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immersing body. The momentum in the plane at the step was defined as
the product of an epperent additional mass assoclated with the float
cross section and its instentaneous velocity in a direction normal to
the keel of the float. In reference 1 1t was pointed out that non—
dimensional coefficients used in defining the apparent additional mess
for different float configurations could be obtained by an analysis of
date from planing tests, and limited data for cne angle of dead rise
were analyzed. Since appreciable planing date are avallable covering
a wide range of dead-xrise angles, trims, speeds, and beam loadings, the
analysls 1s extended to include these data in order to obtain more
suitable coefficients which may be used in determining the apparent
additional mass over a wlider range of float geomestry and Froude nunbera
than that previously :'!.nvestigated. in impact—basin tests.

The analysis of planing data was accomplished by introducing the
experimental results into the general hydrodynemic equations of
reference 2 as applled to the planing float. The enalysls has been
divided into three phases which include data from high—speed planing
tests with chines ebove level water, data from low—speed planing tests
with chines above level water, and date from tests with high beam
loadings and chines Immersed. In the first phase of the analysis, data
are presented from high—speed tests In which a seaplane impact at high
Froude nunbers was simulated. Buoyant forces are considered insignificant
and empirical corrections are made to the cilted equations, which define
the inertla force, in order to obtaln agreement with planing data. In
the second phase of the analysils, buoyant forces are considered and the
effect of gravity on the apparent additional mass at low Froude numbers
ig determined. In the third phase of the analysis, the data from tests
in vhich the chines were immersed are assumed to correspond to the
immersion of a float or planing device with high beam loading. For this
phase buoyant forces and inertla forces are included and, In addition,
steady-flow forces are defined which arlse from the flow of water around
the area that is submerged aft of the intersection of the chines with

level—water line.

The ultimate purpose of the present analysis is to determine the
effective apparent additional mass over the extended range of float
geometry and Froude mumbers for which planing data are available.
Incidental to the calculation of effective mass is the computation of
steady—Flow and buoyant forces, which are conslidered separately in order
to isolate the inertia forces and, thus, to determine the effect of
gravity and the effect of chine immersion upon the effective apparent
additional mass associated with the float bottom.

SYMBOLS

Consistent units must be used in all cases.

A ratio of length to mean beam of hull
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beam in plane of undisturbed water surface
boam of £loat (from chine to chine)
planing load coefficlent

wetted semiwidth at the step

Increment of length along keel

2
V;
function of two—dimensional Froude number ( n) and trim

b
h)l/a &
P =322
i

total computed vertical water force balancing weight of model
effective fluld inertia force which deflects stream of water;
this force is due to expanding mass on wedge with triangular
projection, vertical unless appearing with subscript; subscript
n normal to keel, p applied to an individual transverse
plane

corrected value of Fg
vertical component of buoyant force

vertical component of steady—flow force which acts on area
submerged. behind intersectlion of chines wlth water surface

wetted length along keel

two—dimensional apparent additional mass in plane at step
normal to keel

slope of emplrical gravity correction curves
horizontal velocity

veloclty normal to keel

actual load on model
draft of keel at step, normal to water surface
penetration of step normal to keel

depth of float cross section from chine to keel (measured
normal to ‘keel)
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B angle of dead rise

€ angle of downwash

£(B) variation of angle of dead rise

£*(B) alternate function of angle of dead rise

@(A) end-loss Pactor

p mass density of water (Weight of water for tests from which
planing data were obtained was considered as 63.5 1b/cu ft.)

T trim angle

Subscripts:

1 in plane- 1

2 in plane 2-2

ANALYTICAL CONSIDERATIONS

The flow processes beneath a wedge penetrating the water surface
have been discussed in references 1 and 2., The inertia forces arising
from the immersion are defined as being equal to the rate of change of
momentum in the flow planes beneath & wedge and are obtained by summing
the forces in indivldual transverse flow plenes. The reaction in a
plane of incremental length 41 1is defined in terms of the momsntum

in the plane as

YA '
Fo, = m(k2%22 dt) ke

vwhich is similar to that given in equation (21) of reference 1 where s
is replaced by 1. In equation (1) K 1is a theoretical coefficient
that depends upon the dead—rise angle. The integration of the individual
forces over the wetted length provides an equation for the total water
reaction normal to the keel based on the measured drafts. Thls equation

is

3an o
&y dt Kyavn
Fen = + (2)
3agin T cos2T gin T cos T

For the case of the planing float the first term of equation (2) is
zero and the second term represents the rate at which the momentum ls
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imparted to the downwash in connection with the flow planes sliding off
the step. Thils term may be generallized as

Fop, = mg'n'p (3)

vhere mg = Ky2 corrected for end loss and = ——vn—. This

sin T cos T
fundamental equation 1s used throughout the three phases of the analysis,
which were mentioned in the introduction, with the principal obJective
being the evaluation of the two-dimensional apparent additional mass mg
for different dead-rise angles and for different Froude numbers. The
conditions which are considered in defining the total water reaction for

the different phases of the analysis are given in the sections to follow.

Chines a.'bpve Level Water

Planing at high speeds.— In the analysis of data from planing tests.
at high Froude numbers, the inertia force which is the only force that
balences the weight is based on the following generalized equation for
the two-dimensional apparent additional mass:

mg = Zpr22(8) (%)

which is similar to that given in equation (1) of reference 2 in which

£(B) appears in the form of [£(8)]%. Equation (4) is substituted into
equation (3) and the vertical component of the inertla force ls expressed
in terms of the horizontal velocity V; thus

=X 2 2
Fg = > £(B)pz2V2cos°T sin T

Since the draft is usually the measured quantity, the equation for the
inertia Fforce when corrected for end losses which occur for the three—
dimensional case 1s expressed in terms of y as

Fe=W-= %Yaf(ﬁ)ﬂA)pvasin T (5)

or in terms of the beam at the step in the plane of level water as

Fo =W = _’2‘(%)2 i—i—%&—a @(A)p72sin T cosr (6)
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These equations may be better uvmderstood if the concept sometimes
used in interpreting the 1lift on a wing is considered and a cylindricel
stream having a dlemeter equel to- the wing span is considered to be
deflected through an angle of downwash and the 1ift to be that force
vhich is exerted -in deflecting the mass. In applications to the planing
float the fact that forces are acting only on the lower surface of the
float reduces the mass to a semicylinder. As shown in figure 1(a) and 1(b),
the loaded cross section is greater than the cross section below level
water because of a transverse "pile up" of water which is indicated by
the shaded area. The effect of this addlitional area ls consldered to
be a growth of effectlive beam or span. In other words, the semicircular

cross section used in computing the apparent additional mass 1s % c2
where c¢ 1is the semiwetted beam at the top of the pile-up. In terms of
Wagner's function of dead rise (23 1) . which has been used in

n _ 1\311/2
(F -5
+2p T2
For large ratios of length to beam in which the value of ¢(.A3 approaches
unity, the angle of downwash € would be equal to the trim. The
function ¢(A) » based on Pabstts factor 1 — -al-A’ is used as a correctlion
factor which may be considered as indicatlive of the difference between

the angle of downwash and the trim. For the plening float wlth chines
gbove level water

references 1 and 2, the semiwetted beam c¢ 1is equal to

]

]

Introducing the aforementiocned Pactors into equation (5) gives

o =¥ = 5% - 1) (0 - ST (7

This equation may be transposed to carry those concepts that are most
adapteble to experimental messurements on the left-hand side; thus

Te?_g =(&-1F (1-225) Fenr

The right-hand side of the equation is a nondimensional planing load
coefficient convenliently designated Cp based only on the float shape

and trim. Agreement is obtalned by omitting Wagnerts dead-rise
function (-2% - 1)2 and deriving a different function f£%(B) so that
equation (5) becomes
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Fo' =W = L (p)f(A)pvoetn T (8)

Planing at low speeds.— In planing at low speeds where buoyant

forces comprise more than 10 pesrcent of the total water reaction, the
posslibility arises that gravity may affect the apparent additional mass
which is associated with the immersed wedge. As previously mentioned,
the total inertia reaction exerted on & float is obtained by the inte—
gration of the reaction in individual flow planes along the length of
the float. This procedure implies that the flow pattern is the same in
all planes and at all spseds but the laws of dynamic similitude state
that this hypothesis is valld only at the same Froude number. Since the
Froude nunber is proportional to the ratio of the inertia forces to the
buoyant forces, it 1s reasonable to assume that similitude is attained
until the buoyant forces become appreciable. The analysis of data from
tests made at low Froude numbers in which buoyant forces are important
1s carrled out with a function of Froude number as the significant
parameter.

The water reaction balancing the weight of the model is defined as
F=W=Fo' +Fp (9)

The inertia force Fo' 1is given by equation (8). The buoyant force Py
shown in figure 1l(c), when based on the draft, becomes

3
- PEY-
b~3sin-rtanB (20)

o

The ratio

is considered as an emplirical gravity correction

e
factor Cp; &and its variation with a function f based on Froude number
and trim is determined. Empirical curves giving thls variation are
obtained in which C8 changes from unity as gravity effects becoms
important at different Froude numbers. These curves are used in
conjunction with equation (9) to give

F=W=TFe'Cq + Fy (11)

and using equations (8) and (10) with equation (11) provides an expression
for the total water reaction which is applicable for all Froude numbers
for a planing wedge with chines above level water. Thus,

3
F=VW= ;y2f'(B)¢(A)pV28‘ln T Cg + 3 s:syT tan B (12)
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Chines Immersed

The analysis of data In which the chines at the step become immsrsed
1s made according to two concepts. In both concepts the water reaction
which balences the weight 1s defined as .

F=W=F,'+F +Fg (13)

In figure 2 the verious forces are shown as acting on a wedge with chines
immersed. As seen in figure 2(b) the total fluid inertia force may be
based on the concept that the maximum cross—sectional aree of the
apparent additionel mass is in plane 1—1 so that the draft to be used in

equation (5) is equal to —"ﬂ-%?é- Z cos T. On the other hand, the total

£t ()]
fluld inertia force may be ase& on the apparent additional mass Iin

plane 2-2 where the draft used in equation (5) is the full draft Z cos T.

The fluid inertia force is defined according to which concept is
used in determining the two—-dimensional apparent additlonal mass. For
two-dimensional apparent additional mass in plane 1-1

1( B)]172

end for two-dimensional apparent additional mass In plane 2-2

T!, = %(E_, 20t £2 cos T>2f'(s)¢(A)pv2s1n d (1)

Fo', = &(Z cos )22t (B)@(A)oV2sin T (15)

In these oquations @(A) is based on the total projected area S, as
2

shown in figure 2(a), so that A = %.

The buoyant force shown in figure 2(c) is represented for both
concepts by an approximate equation obtained by summing the weight of
water contained in volumes (1) and (2) (fig. 2(c)). If sin T  1s assumed
to be equal to tan T, then

2 [
F.b = __.P.g.z_.__(ye - Zy + .Z_.) (]_6)
sin T tan B 3

The steady—low force shown in figure 2(d), which is basically the
product of dynamic pressure induced by a stream of water impinging normal
to the keel and the area upon which it acts as discussed in reference 3,
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is defined according to which plane is taken as the beginning of chine
immersion; that is, if plane 1-1 is used,

’ t
Fsl = cssbv2<y - [;(()TBIEZ cos T)sj_n T COB T (17)

o~

or, i1f plane 2-2 1s used,

Fsa = ngbva(y —ZcoeT) 8inT cos T (18)

The values for Cg, which is Bobyleff!s dead-rise correction factor, are
presented in table I. (See reference 3, p. 105.)

By uss of the concept in which the apparent additional mass is based
on plane 1-1, equations (14), (16), and (17) are substituted in
equation (13). The ratio = is considered as a gravity
e
correction factor Cp, and 1ts va.%'ia.tion with the fimetion £ of Froude
nunber and trim is determined.

By use of the concept in which the apparent additional mass is based
on plane 2-2, equations (15), (16), and (18) are substituted in equation (13).
The expression for the inertia force given by equation (15), however, is
corrected by the empirical Froude correction curves that were obtalned in
the analysis of datas for chines above level water. The equation that
defines the total water reaction and is used in evaluating experimental
data for the case in which chines are bslow level water finally becomes

F=W= ’—2t-(Z cos T)2¢t (B)@(A)pVosin T Cg

2
+ ngbva(y —ZcosT)sinT cos T + ——p8—£—<y2 - Zy + E—) (19)
gin T ten B 3

SCOPE AND PRECISION® OF DATA
Chines ebove Level Water

In the first eand second phases of the analysis in which the chines
are above level water, experimental data from references 4 and 5 together

with some other data obtained from recent tests made in Langley tank no. 2
are used for comparison with theory. The data which are analyzed were
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obtained with planing plates having dead—rise angles of 10°, 20° 3
o
22% , and 30°, trims between 2° and 10°, and ratios of length to mean ,

beam between 1.25 and 8.35. Pertinent geometric properties of the
planing plates or floats are listed in table II.

The data from references 4 and 5 are shown in Pigure 3 as curves
of y plotted against % for the different loads, trims, and dead~irrlse
engles. The draft at chine immersion Z cos T is noted on the ordinate
of each plot. The drafts from reference 4 are computed from the trims
and wetted lengtha which are given in tables II, ITI, and IV, and
figures T to 18 of this reference since a great deal of scatter is
evident in the measured drafts. At the high speeds, also, the measured
drafts are not consldered to be reliable because of the method used 1in
obtaining them (reference 6). Since no wetted lengths are given in
reference 5, the recorded drafts are used but the great scatter in the
data permits only a rough comparison with computed values. Also, the
data presented in reference 5 is further complicated by the presence of
a pulled—up bow and an afterbody that 1limit the amount of data which is
usable to the few runs involving the prismatic section alone.

The unpublished data from recent tests conducted in Langley tank no. 2
were obtained by a method having more accurate draft measurements. The "
general test procedure followed is the same as that discussed in
reference 6 and a part of these results is given in table ITI. Data
for the case in which the chines are gbove level water are presented
in figure 3(b) for comparison with data based on wetted length from
reference 4, in which a similar planing plate having a different beam
was used.

The precision of the analysis 1s dependent upon the accuracy of the
experimental data which are used and upon establishing the accuracy of the
experimental date insofar as they are used in the analysis. In figure 3
the accuracy of a particular draft is observed to vary with speed; that
is, at the higher speeds the drafts are small and the percentage errors
may be large. Because a large number of points are avallable for each
loading condition, the mean curve defined by a set of experimental points
is considered to be accurate within a range of £5 percent with the
exception of figure 3(d) which, as previously mentioned, contains data
from tests involving a float with peculiar geomstric properties and a
method of measurement that results in undue scatter in the data. In this
case the msan curve 1s considered to be accurate within a range of
+10 percent. For computations in which the draft is squared or cubed,
the accuracy of the experimental quantities is approximately 10 and .
15 percent, respectively. The quality of agreement between the experi-—
mental and computed results which are referred to in the discussion is
in all cases consistent with the precision of the experimental data which 1
has been discussed in the present section.
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Chines Immsrsed

For the third phase of the analysis, data from references 4 and 7
and several test points obtained in the recent tests previously mentioned
were used. These data covered dead-rise angles of 109, 20°, 30°, &nd L40O°,
trims between 2° and 11°, and ratios of length to mean beam between 1.25
and 12.00.

The data from reference 4 are included in figure 3 as indicated by
the points above y = Z cos 1; the data from reference T are presented
in teble IV. The pertinent geomstric properties of the planing devices
used In obtalning these data are given in table II.

The accuracy of the draft measurements which are used in the present
analysls 1s considered to be approximately +5 percent. In the case of
chine immersion the Iinertia force is virtually independent of draft by
buoyancy and is expressed as a quadratic equation in terms of the measured
draft so that the force 1s accurate within +10 percent. The quelity of
agreement of experimental and computed results, which is referred to in
the discussion, for the case of chine immersion is based on these values.

RESULTS

Chines above lLevel Water

Check computations are made in order to assort the data according
to the magnitude of the buoyant force. The values of the buoyant force
ag computed for gla.ning plates having beams of 1.33 feet and dead—rise
angles B of 10°, 20°; and 30° are presented in figure 4. For drafts

less than one—half the depth of the float (y < g cos 'r), the force is

usually less than 10 percent of the total water reaction. On the basis
that the inertia force defined in equetion (5) is the only significant
force for these low drafts, lines are drawn through the origin and
tangent to the mean of the experimental curves described by the test

points of y < g cos T that are given In figure 3 in:order to obtain
the product Vy which 1s the slope of each tangent. The slopes are

introduced into equation (7) and the experimentel results are shown as
a functlion of trim.

The theoretical coefficient C wlanich is included in equation (T)
contalns a dead-rise function (-2% - l) .which has been used in the

general impact equations of references 1 and 2. The varlation of the
coefficlent CP wlth trim 1s shown by the dashed—line curves of

figure 5. An alternate dead-rise fung'bion 1.h2 cotaﬁ i1s substituted
in the equation in place of (éﬂg - 1) and the variation of the altered

coefficlent is shown by the solld-line curves of flgure 5.



12 NACA TN No. 1694

In the second phase of the analysis, in which buoyancy is significant,
the measured drafts are used in conjunction with equation (9) and the

or (}'g is plotted against

empirical gravity correction factor

e
the function f. (See fig. 6.) A linear equation is written for a mean
line through the experimental scatter for each dead—rise angle as an
approximation of the effect of "gravity at different Froude numbers. By
use of these curves with equation (12), drafts are assumed and solutions

are made for values of % so that theoretical curves of y plotted

against % are obtained, which are given in figures 3(a), 3(b), and 3(c)

as indicated by the solld lines that extend from y =0 to y=Z cos T
for the case in which the chines are gbove level water.

Chines Immersed

Data from reference U4 are evaluated by use of the first concept in
which the apparent additional mass 1s based on the semicircular cross section
showvn in plane 1-1 (fig. 2(b)). The variation of the empirical gravity
correction factor Cg, which is cbtained by use of equations (1), (16),

and (17), with the fumction of Froude number £ is shown in figure 7.
The corresponding curves that were given in Pigure 6 for the case in
which chines are sbove level water are also included in figure T for
purposes of comparison.

The second concept, in which the apparent additional mass is based on
the semicircular-cross section of plane 2-2 in figure 2(b), is also used
and equations (15), (16), and (18) are used in obtaining the over—all
water load. In this concept equation (15), which defines inertia force,
is corrected for gravity effects by use of the curves of figure 5. (The
reason for making this correction will be discussed subsequently.) By
use of equation (19), which contains the total water reaction, solutions
are made for values of y plotted against values of % by substituting

the linear equations for Cg, which are indicated In figure 5, in
equation (19). These theoretical curves are shown by the extended solid—
line curves in figures 3(a), 3(b), and 3(c), begimming at y = Z cos T
(the draft at chine immersion) and extending through the range of the
experimental drafts.

A final comparison of experimental and theoretical results for the
case of chine immersion 1s made by using the data from reference T and
the unpublished date in addition to that already consldered from
reference 4. The empirical curves of figure T are altered by introducing
an arbitrary dead-riss function cot B into the abscissa,as presented in
figure 8, in order to spread the empirical lines apart and thus permit
more accurate interpolations for angles of dead rise between 10° and 40°,
Limited experimentel date for a dead-rise angle of 40° (given in table IV)
were used to locate the empirical line representing the gravity effect on
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the apparent additional mass for that angle of dead rise; as in previous
cases, the apparent additional mass was based on a beam 20 percent
greater than the actuel beam of the plate. The total water reaction 1s
obtained by use of these curves with equation (19). The comparison

between experimental and computed loads is made on the basis of (F/Fb)l/ 2

as compared with (W/F.b) 1/2 in order to provide & means of readily
seeing the points that were those for which the inertia forces are most
significant, namely, the higher values of (W/F.b)l/ 2 and the values in

which buoyancy comprises a principal part of the total reaction

(values = 1,0). The square root is extracted since the computed values
used in obtaining the inertia and the buoyant Porces are based on the
square of the velocity and draft, respectively; the scatter which appears
in figure 9 and the experimental scatter in the measured quaentities are
of comparable megnitudes. The plot was made on logarithmic paper in
order to spread the points apart for more convenient inspection of the
agreement between the éxperimental and theoretical guantities.

DISCUSSION

Chines above lL.evel Water

Planing at high speeds.— The results of the analysis of data from
high-speed planing tests in which the chines are sbove level water
(fig. 5) indicate that the impact equations of references 1 and 2 as
applied to the planing float appear to be adequate as far as end losses
are concerned since no disagreement with trim is noticeable bubt are
Inadequate with regard to the dead-rise—angle correctlon factor. The

T/ q 2
velues of curves given by the coefficient E(E - l) @(A) sin T used in

reference 2 and indicated by the dashed-line curves of figure 5 are higher-

‘than corresponding experimental values of -—v—g—é at a dead-rise angle
pveyY

of 10° and are lower at a dead—rise angle of 30°. In order to obtain
a more sultable dead-rise—angle factor, equation (6) is used in terms of

the beam rether than In terms of the draft. When the term E-(—B;—- is

cot<B
omitted from thie equation and the experimental values are substituted,
an empiricael constant 1.42 is found to be required for agreement between
theoretical and experimental results; that 1s

= 1.h42 12‘- #(A)sin T cos®r
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If the constant is substituted in equation (6) and if equation (6) is
changed to an equivalent expression In terms of the draft as in

equation (5), £*(B) is found to be numerically equal to 1l.42 cot2B.

The theoretical coefficient Cp, which incorporates £*(B) as indicated
by the solid—line curves of figure 5, 1s in excellent agreement with the
experimental results also -presented in figure 5.

The altered dead-rise function 1.42 cot2B s used when the equations
are based on the measured draft, is obviously not valid for a flat plate;
therefore, rather than consider the term as a dead—riss factor further
observations are referred to equation (6), based on the beam, in
which cot®f is canceled out. The inertia force is seen to be
independent of the dead~rise angle except for end—loss corrections.

If the Pactor 1.42 is considered as a wave—rise Pactor, then the results
of planing analysis indicate that a constant wave rise of 20 percent
should be consldered in computing the apparent additional mass for all
angles of dead rise.

In :E'igure 5 the computed values based on equation (5), in which
1.42 cot28 has been substituted, are observed to be in agreement with
the experimsntal values within +10 percent. Since this range of accuracy
is of the same magnitude as the optimum accuracy of the experimental
quantity, which is dependent upon the measured draft, the agreement of
the following equation with experimental data for the case of planing .
at high speeds is considered excellent:

F'=W= 1(1.19 3)2 1- -t—a“i—)pvesin'r cos2t (20)
e 2 2 2 tan B

or, if based on the draft,

Ft!'=W =.’-2t.(1.l9y)200t25( - zt;'n "B)pv2sin T (21)

Planing at low speeds.— For planing at low speede buoyant forces
becoms appreciable, and the effect of gravity upon the flow patterm at
low Froude numbsrs makes necessary the correction of equations (20)
and (21) to compensate for the gravity effects. The results given in
Pigure 6 show that gravity correction factors as low as 0.4 are required
in some cases. The correction factors that are to be used with these
equations are found to vary linearly with a function of Froude number
and trim as shown in figure 6. These empirical lines appear to be
clearly defined since the scatter of experimental date is limited; that
ig, the apparent-additional-mass coefficient corrected by the empirical
factor 1s accurate within the desired limits of 10 percent. As seen in
figure 4 the use of the empirical correction curves and equation (12)
appears to be adequate since the theoretical and experimental curves of y

e e ———— - ————————
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plotted against
1mmersion.

are In very good agreement up to the draft of. chine

<+

The differences between computed and experimental loads at low
Froude number have been attributed to the effect of gravity on the
inertia force. In the derivation of the inertia force the assumption
is made that flow similarity exists in all cases; that is, every plane
beneath the float 1s assumed to be simllar to every other plane regard—
less of the draft or the speed. According to the laws of similitude
this assumption is not valld, and the analysis of plening data has
Yielded reasonable correction curves which show the effect of gravity
as changing the flow pattern and thus reducing the inertia loads. The
effect of gravity may be that the wave caused by the displaced water
spreads out transversely and, thus, that the local pressures are reduced
and in turn the effective apparent-additional-mass term is reduced.

For a glven angle of dead rise, some longitudinal spreading of the
wave 1s likely to occur; therefore, the gravity effect 1s greater at
higher trims. This fact has been taken into account by using the
horizontal velocity rather than the normal velocity in the function of
Froude mumber. In other words, in order to condense the trim effects,
sin * 1s used with the reciprocal of the square root of Froude

» \L/2 gh)l/ 2
nomber (3_—2) to give a proportional function £ equal to 2V .
n

For a glven trim, the gravity effects are likely to -be more
pronounced at higher dead-rise angles at which buoyant forces are higher
in proportion to the inertia forces and Froude numbers are lower. The
exact variation of the gravity effect with angle of dead rise is not

clear since only three angles of dead rise are considered and the arbitrary

dead—rise factor cot B, which is introduced into the abscissa in
figure 8 for ease in ‘interpolating and extrapolating between and beyond
angles of 10° to' 30% has no particular physical meaning.

The final equation which provides excellent agreement for the
planing float with chines &bove level water at all Froude numbers is

3

g X 2 .2 tan T pEY
F=W= E(l.l9y) cot B(l - m—ﬁ)pvzsin'r Cg + 3 e T ten P (22)

Chines Immersed

In the analysis of date for the case with chines immersed (based on
the first concept In which the apparent additional mass is determined
from plane 1-1 of fig. 2(b)), the results given in figure T show that the
empirical gravity corrections are about 40 percent greater than those
glven by the analysls of data with chines above level water for all
values of f. Furthermore, when the values of f are low enough to
indicate negligible gravity effects (see fig. T), the computed inertia
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forces are in disagreement with experimental values by about 40 percent.
This difference is noted to be approximately that which exists between
the inertia force given by equation (14) and that which corresponds to
the second concept given by equation (15). This difference is due to
the fact that the drafts to be used in equations (14) and (15)
1

1.19
drafts are squared, the resulting difference in inertia force is about
40 percent. Because of these observations, the analysis of the data
by the concept in which the apparent additional mass is determined from
plene 22 of figure 2(b) is used, and the gravity correction curves in
figure 6 are directly applied to the inertia force defined in equation (15).

The theoretical curves showling the variation of y with L1 that are

obtained by using equation (19), which defines the total water reaction
as based on the second concept, are in excellent agreement with the
corresponding experimental curves of figure 3. The final comparison of

computed and experimental values of (F/F.D)l/ 2 and (W/Fb)l/ 2, which
is given In figure 9, Indicates very good agreement for angles of dead -

rise between 10° and L40° since the scatter is about the same as the
experimental range of accuracy of +5 percent.

are y =

Z cosT and y = Z cosT, respectively, and, since the

The final equation that provides very good agreement with
experimental results for the case of chine immersion is

P=W-=

( z
Zegint\y - —)
(1.192 cos 7)2cot3p|1 ~ 2/ | ov2gin + C
g
yztan B

IV E

Z 2
+ca__p_v2(y—Zcos'r)sin'r cos'r+_°£_y2_zy+z_>
tan B gin T tan B 3

(23)

Applicability of Results to Hydrodynamic Theory

Chines gbove level water, high Froude number.— The analysis of

planing data permits a simpler and basically more accurate mesans of
obtaining the nondimsnsional coefficlents that are used in defining the
apparent additional mass for use in general impact equations such as
those given in references 1 and 2. In determining the applicability of
results of the analysis of plening data at high Froude numbars which
correspond to the condition that has been considered in impact work, the .
difference between the planing coefficient shown by the solid--line curves
of figure 5 and the corresponding impact coefficient shown by the dashed—
line curves is observed to be due to the difference in the dead-rise—
angle factors. The planing coefficient includes the alternats dead—rise
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function 1.42 cot25; vhereas the impact coefficient includes Wagner's
dead—rise function (21B - 1)2. If these respective terms are used to .

compute the effective beam which must be considered in computing the
apparent additionsal mass, the former term implies an effective beam
20 percent greater than the actual beam for all dead-rise angles and
the latter term implies a ratio of effective besam to actual beam which
varies with dead-rise angle.

The planing coefficlent has been found to be in agreement with
extensive planing data for chines above level water for angles of dead
rise between 10° and 30°; whereas the impact coefficient has been shown
in reference 2 to be in agreement w%th extezolsive experimental impact data
for angles of dead rise between 225" and KO~. For an angle of dead rise

between 20° and 30° for which both planing and impact experimental data
are avallable, the difference between the coefficients is only 5 to

8 percent. The corresponding difference in the maximum load—factor
coefficients, which are obtained In reference 2 and based on the
respective coefficients, 1s less than 2 percent; therefore, elther factor
mey be used. In references 1 and 2 a statement is made to the effect

that the use of Wegnert®s function al - 1)2 is questionable for dead—

rise angles less than 159, so that it is reasonable to believe that ths
true dead-rise function may approach the value 1.42 cot2B; +this
function is in egreement with planing data for an angle of dead rise

of 10°. No planing data are avalleble for a planing plate with a dead-~
rise angle of 40° and chines above level water and, therefore, no
explanation can be made of the difference in proposed coefficients at
that angle. The true dead-rise variation may possibly approach Wagner's
factor which when used to compute the wave rise implies that no wave
rise exists at a dead—rise angle of 45° so that the effective beam is
the beam In the plane of the level water surface.

Chines above level water, low Froude number.— Insofer as the
application of the results of the analysis of planing data for low
Froude numbers to the impact case for dead-rise angles between 10°
and 300 is concerned, it is belleved that the empirical gravity corrections
may be applied directly to the apparent—additional-mass term if the fact
is accepted that the discrepancies in the computed and experimental
planing loads are due only to gravity effects upon the inertia load and
that impact accelerations which are absent in the planing problem are
independent of the effects of gravity upon the apparent additional mass.
The buoyant force that has been defined on the basis of displaced water
may possibly be incorrect since negative pressures in theé water acting
on the part of the plate above the level water line may act upon the
plate 1In guch a manner as to balance part of the positive buoyant
pressures that act below level water. Although results of the analysis
of planing data shown in figures 6 and T clearly called for a correction

which is a function of velocity for a given draft, other possibilities
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were not considered inasmuch as the agreement that is obtained by using
the empirical gravity correction curves of figures 6 and 8 appears to be
entirely satlisfactory for the planing case.

Chines immsrsed.— The results of the analysis of planing data for
the case of chine immerslion show that the maximum cross section used in
computing the apparent additional mass should be based on a diamster which
is 20 percent greater than the maximum beam in the plane of level water
for all engles of dead rise. This fact is contrary to the proposed theory
of reference 2 in which the apparent additional mass was based on the
actual beam and very limited impact data were offered for the case of
chine lmmersion to support this concept. In both the impact and planing
equations the apparent additional mass for the case in which the chines
are immersed is found to be independent of dead—rise angle except for
the end—loss factor, but the apparent additional mass which is indicated
by planing data is 40 percent greater than that given by the impact
equations. Appreciasble planing data for dead~rise angles between 10°
and 30° and limited planing data for a dead-rise angle of 40° were shown
to be in good agreement with the planing equations. Since the planing
plates had no vertical sides sbove the sharp edges at the chines, "spilling
over" may have occurred in tests with chines immersed; in this case the
apparent welght would be increased and an increase in the lnertia force
such as the 4O-percent value might be called for. Although the gravity
correction factors for the case of chine immersion coincided with
corresponding curves for the case in which the chlnes were above level
water when the 4O-percent increase in the inertia force was included,
the results of the planing analysis are belleved to be directly applicable
to the impact equations for computing the maximum loads on a V--shaped
plate such as a hydroflep. Further correlation of impact and planing
tests is necessary to determine the applicability of the results to the
cage of a float or hull with vertical sides extended upward from the

chines.

RECOMMENDATTONS FOR FUTURE RESEARCH

Further planing tests should be made to cobtain a check of the data
used herein and to obtaln more complete data over a wider range of
dead-rise angles and ratios of mean length to beam. In particular, since
neither the planing nor impact coefficlients as presented in figure 5
are valid for the flat plate, the proper coefficlent for this end point
should be determined. In future tests more accurate msasurements of
draft and velocity are required to refine further the equations presented
herein., In particular, the accuracy of the instantaneous draft should
not be less than I2 percent. In future tests the magnitude and shape of
the wave rise and the variation with speed should be investigated. Local
pressure measurements should be obtained since they will aid in a clearer
understanding of the effect of gravity upon the flow pattern. Finally,

a. correlation between planing and impact data should be made for the
triangular cross section, and tests should be made with and without vertical
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sldes extending upward from the chines. Once the applicability of
planing data for defining the apperent addlitional mass to be used in
impact theory for a triangular cross ssction is verified over a wide

range of test conditlons, planing tests with a variety of cross sections
can be used to define the apparent—aedditional-mass term and impact tests
would be considerably simplified in that only check points would be needed
to verify the apparent—additional-mass term.

SUMMARY OF EQUATIONS

The equations defining the water reaction on a planing float have
been shown to be In very good agreement with planing data for dead—
rise angles between 10° and 40° and for ratios of mean length to beam
greater than 1.25; they are glven herein In summary.

The vertical water reaction for the planing wedge with chines above
level water as based on the measured draft ls expressed as follows:

F =W =%(1.19y)%cot2 1-El->v2c sinT + 9533 20
2(1297) B( 2 tan B/° & 3 sin T tan B (22)

For cases in which the buoyant force is small as compared with the lnertia
force — that is, at high Froude numbers — the last term is neglected
and Cg, which is in the first term, is equal to umity.

The vertical water reaction for the planing wedge with chines
immersed 1s defined as follows:
Z gin T(y Z)
2/ \ov2sin T C

2 g
Yy tan B

F=W-= 3(1.192 cos T)2cot2p|1 —

2
+ Cst:l—%—ﬂve(y —ZcosT)ginT cos T + m—:-’g—ztm(yz - Zy + Z?) (23)

The correction factor C, has not been defined mathematically but is
presented in figure 8 in the form of empirical curves with a function

of Froude number as a parameter. The dead—rise ‘correction factor for the
steady—flow force Cg 18 presented in table I.

e - m——— — ———mra T am
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CONCLUSIONS

An analysis has been made of planing data covering a wide range of
dead~rise angles, trims, speeds, and beam loadings. The following
conclusions are based on the results of the analysis:

1. The computation of the two-dimensional apparent additional mass
at the step 1s based on the mass of water contained in a cylinder having

a cross—sectional area of 1,42 g(% where B is the beam of the
float.

2. Empirilcal gravity correction factors are applied at low Froude
numbers to the inertla force which is fundementally the product of the
two—dimensional apparent additional mass at the step, the term V2sin T cos2t
(vhere V is horizontal velocity and T is trim), and Pabst®s correction
Pactor for end losses. ’

3. The buoyant force Is equal to the-welght of the volume of water
included between the immersed planing plate and the plane of level water
where the pressure on the end area is neglected. .

., Bobyleff*s correction factor is multiplied by the vertical
component of the steady—flow forces which arise from the dynamic pressure
of the stream impinging normal to the keel upon the area which is
submerged behind the Intersection of the chines with the level water
surface.

5. Planing tests appear to be useful in alding In the experimental
verification of the theoretical nondimensional mass coefficients which
are used In lmpact theory. Furthermore, these tests present a ready
meensg of obtalning data which may be used in refining the coefficlents
g0 as to make them applicable over a wlde range of float geometry and
test condlitions.

6. The planing coefficients and empirical gravity correction factors
which are included in the resultant equations may be substituted directly
in the general hydrodynamic—impact—load equations for angles of dead rise
between 10° and 30° if the buoyant and steady—flow forces are used in
the same form presented in the planing analysis and if the effect of
gravity at different Froude nuibers, indicated by the analysis of
planing data, is assumed to be unaffected by the accelerations which
occur in the impact case.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Lengley Field, Va., May 14, 1948
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TABLE I

NACA TN No. 169k

BOBYLEFF'S DEAD-RISE CORRECTION FACTCOR FOR STEADY-FLOW TERM

B Cs
(deg ) (a.)
10 0.844
15 .823
20 .800
22% .790
24 .TT1
30 .T50
40 667

aThese velues are baged on and interpolated from values
obtained from reference 3, page 105.

TABLE II

GEOMETRIC PROPERTIES OF PLANING PLATES OR FLOATS

b Ipax B Z
Reference (£t) (£%) (deg)| (£t)
(2)
10 |0.1180
L 1.33 6.0 20 | .2u25
30 | .3850
5 1.417| 2.0 22% .292
| (0| .087
A1l lengths) J15 | .132
T -9843 useble 24 | .219
4o | 4125 “
Recent tests
in Langley .835 3.33 . 20 | 167
tank no. 2

8@Maximum length along the flat keel.

———— e e e i e ———— e i m e ———
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TABLE TTT
RECENT DATA CBTAINED IN TESTS IN LANGLEY TANK NO. 2
WITH A V-SHAPED PLANING PLATE
[B =200 T = 6°]

W v y
(1v) (fps) (£t)
(10 0.137
20 .066
5 <30 045
) .038
\50 .033
(10 .213
20 .092
10 30 .065
ko .052
(10 . 307

20 .133
20 <30 .088
40 .068
50 .058

ko Lo -093
50 .080
20 | .323

30 .15
50 ko .108
50 .087
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TABLE IV

DRAFT MEASUREMENTS OBTAINED FROM REFERENCE 7

R
B T £t y
(aog) | (o) | P | (sv)
. (a) i
Ly 3.42 0.239
10 6 1.83 .190
l8 1.09 .152
4 3.70 .259
15 6 2.12 .222
8 1.28 .178
1

L 4.38 | .307
ok 6 2,60 271
8 1.75 ! .2hh
Lo 6.1 l 128
40 6 4.3 450
8 3.1 430

80btained from figures 20 to 23, reference T.

NACA

. 1694
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